Abstract-By vacuum arc evaporation of a multielement Ti + Zr + Nb cathode in a nitrogen atmosphere, (Ti-Zr-Nb)N coatings are deposited on steel substrates. The coatings are characterized by a columnar struc ture with nanosized (10-63 nm) crystallites of the main FCC nitride phase (Ti-Zr-Nb)N. At maximal nitro gen pressure P N = 4 × 10 -3 Torr, an axial structure of growth of (Ti-Zr-Nb)N crystals with [111] axis is formed, and a maximal coating microhardness value about 45 GPa and adhesion strength of 67 GPa are reached. The friction factor for the system of "coating-Al 2 O 3 " is 1.1. Such coatings seem to having prospects as protective ones for couples of friction and cutting tools.
INTRODUCTION
During operation, the surface layer of parts is sub jected to high mechanical, thermal, and chemical exposure, and loss of their efficiency in most cases occurs as a result of wear, erosion, and corrosion of the surface. Thus, a significant increase in resource effi ciency of details consists in improving the properties of materials and improving their tribological properties.
The use of bulk doped materials is often uneco nomical and in some cases is technically impossible. However, the desired results can be achieved by modi fication of not all the volume, but the surface layer of a material, for example, by application to the working surface of multifunctional coatings having high hard ness and wear and heat resistance. As such coatings, multielement coatings are often used on the basis of carbides, borides, nitrides, and silicides of transition metals [1] [2] [3] [4] . The stability of the structure and com position, as well as high performance characteristics of multielement nitride systems, provides the required physical and mechanical characteristics of the surface and make their use prospective as protective films pre venting the ingress of harmful impurities into subsur face layers of products [5, 6] . Currently, ion plasma methods of deposition of coatings, such as vacuum arc evaporation and magnetron sputtering, are widely used [7, 8] .
In this paper, the features of formation of ion plasma coatings are studied upon vacuum arc evapora tion of a multielement system based on Ti + Zr + Nb in a reactive nitrogen atmosphere, and the analysis of their physical and mechanical properties is performed.
EXPERIMENTAL
The coatings were formed by vacuum arc deposi tion. As evaporable materials, one piece targets (cath odes) based on the system 30 Ti + 35 Zr + 35 Nb (at %) were used. The deposition of coatings was per formed at the pressure of the working gas (molecular nitrogen) of 3 × 10 , and 4 × 10 -3 Torr (coat ings of series A, B and C, respectively). The thickness of the coatings was 4.0 μm. As a substrate for the dep osition of coatings, samples with the size of 15 × 15 × 2.5 mm from 12Kh18N9T steel with the roughness of the initial surface of R a ≈ 0.09 μm were chosen. The deposition parameters, as well as the surface roughness after deposition of the coating, are given in Table 1 . The surface morphology, fracture patterns, and friction tracks were studied on an FEI Nova NanoSEM 450 scanning electron microscope. The elemental composition of the coatings was analyzed according to the spectra of characteristic X ray radia tion using the built in microscope energy dispersive spectrometer of X ray radiation of the PEGASUS sys tem (EDAX). X ray diffraction studies of the samples with coatings were carried out on a DRON 4 diffrac tometer in CuK α radiation in the pointwise mode with the scanning step of 2θ = 0.05 deg.
Physical and Mechanical Properties of (Ti
The microhardness of the coatings was measured on a model DM 8 hardness tester with a load on the indenter of 0.05 N. The adhesion-cohesion strength, scratch resistance, and failure mechanism of coatings were studied in air using a Revetest scratch tester (CSM Instruments).
Tribological tests were carried out in air according to the "ball-disk" scheme on a Tribometer friction machine (CSM Instruments). For this purpose, coat ings with the thickness of 4.0 μm were deposited on the surface of polished (R a = 0.088 μm) samples in the form of disks made of steel 45 (HRC = 55) with the diameter of 42 mm and height of 5 mm. Used as a counterbody was a ball with the diameter of 6.0 mm made from sintered certified material-Al 2 O 3 . The load was 3.0 N and the sliding speed was 10 cm/s. The test conditions met the international standards of ASTM G99 959, DIN50324, and ISO 20808.
The roughness and also the volume of removed material of the coating was determined by the cross section of the wear track on the sample surface using a model Surtronic 25 automated precision contact pro filometer. The wear groove structure of the coating and wear spots on the balls were examined on an Olympus GX 51 optical inverted microscope and Quanta 200 3D scanning ion electron microscope. As a result of the tests, the wear factor [9] of the sample with coating and statistical partner (ball) was evaluated as described in [10] : (1) where W is the wear factor [mm The ball wear diameter was determined using an Olympus GX 71 optical inverted microscope, and the amount of removed material on the ball was calculated as (2) where h = is the height of the seg ment, d is the diameter of wear, and r is the radius of the ball.
The volume of removed coating material is V c = sl c , where l c is the circumference and s is the cross sec tional area of the wear track.
RESULTS AND DISCUSSION
Images of the surface coatings and fracture patterns are shown in Figs. 1 and 2, and data on change in the roughness (average deviation of profile R a ) of the coat ings are given in Table 1 . The study of surface morphology shows that increasing the pressure of the reaction gas (nitrogen) in the chamber reduces the amount and size of micro particles, which is especially important in the presence of reactive gases in a vacuum chamber forming refrac tory compounds with vaporizable material [11] . In this case, also a decrease in the roughness of the coating is observed.
The data on the elemental composition of the coat ings are presented in Table 2 . As is evident, the content of nitrogen and niobium in the samples of series B and C is practically the same, but in the samples obtained at higher pressure of nitrogen (C series), the content of zirconium is higher and the content of titanium is lower than in the samples of series B. The increase in titanium content in the coatings of series B is associ ated, apparently, with more effective interaction of titanium atoms with nitrogen in the subsurface region. The basis of this assumption is the data summarized in [11] on the formation of nitride complexes in the sur face region upon the deposition of transition metals in a nitrogen atmosphere. Among such complexes, the most stable is Ti-N. The formation of stable nitride complexes significantly reduces the efficiency of their spraying from the growing surface (secondary spray ing), which eventually leads to its enrichment in the strong nitride forming element (in this case, Ti).
Analysis of fracture patterns of coatings obtained at different partial pressure of nitrogen indicates the for mation of a columnar structure, characteristic of coat ings produced by vacuum arc deposition (Fig. 2) . Dif fraction patterns shown in Fig. 3 show that the coating has FCC structure, but the weak peak in the region of 2θ = 38° indicates the presence of small inclusions with BCC lattice, characteristic of the droplet phase formed upon vacuum arc deposition of the coatings [12] . With increasing pressure of the reaction gas, the intensity of this peak decreases probably owing to a significant decrease in the droplet phase content in the coating, which correlates with the results of studies of the roughness of the surface of coatings obtained at different pressures (Fig. 1) . Detailed analysis of the elemental composition of the droplet phase of vacuum arc nitride coatings [7] showed that the composition of the droplet phase in the vacuum arc evaporation method corresponds to the melt of the evaporable metal target. On the other hand, it is shown in [3] that multielement metal melts made of such 3d elements upon crystallization form a generalized BCC substitu tion lattice. Therefore, it is natural to associate the revealed peaks corresponding to the BCC lattice with the droplet phase formed upon deposition, which crystallizes with the formation of the BCC lattice of substitution from metal atoms (Ti, Zr, Nb).
With increasing pressure of the reaction gas, there is also a noticeable increase in the relative intensity of diffraction peaks from a family of {111} planes of the cubic FCC lattice of the nitride phase of (Ti-Zr-Nb)N coatings, which indicates an increase in the perfection of preferred orientation of growth of crystallites with the [111] axis, perpendicular to the plane of the surface. The sizes of crystallites determined by the approximation method with increasing nitrogen pressure increase from 10 nm (at the lowest pressure of 3 × 10 -4 Torr) to 63 nm (at the highest pressure of 4 × 10 -3 Torr).
The results of the study of adhesion-cohesion strength and resistance of coatings to scratching are shown in Figs. 4 and 5. Via changing the values of the friction coefficient and acoustic emission signal upon increasing the scribing load (Fig. 4) , characteristic val ues of the critical load L C were determined: L C1 -the appearance of the first chevron crack at the bottom and diagonal crack at the edges of the scratch; L C2 -formation of a great number of chevron cracks at the bottom of the crack and local stripping, formation of chevron cracks at the bottom of scratch; L C3 -cohe sive-adhesive destruction of the coating; L C4 -plastic abrasion of the coating. As the criterion of adhesive strength, the value of critical load L C4 was taken, at which the abrasion of the coating occurs.
In accordance with these criteria, the process of destruction of the coating upon scratching by an indenter can be conveniently divided into four stages. In the load range from F = 0.9 N to 9.89 N, monotonic penetration of the indenter into the coating takes place; at the same time, the friction coefficient increases significantly, and the signal of acoustic emis sion remains unchanged. At the load of F = 15.81 N, the indenter is completely immersed in the coating, and slipping of the diamond indenter along the coat ing occurs with a friction coefficient of 0.35. When the load increases (F = 20.6-36.4 N), extrusion of the material in front of the indenter in the form of bumps and an increase in the penetration depth of the indenter take place. Table 3 shows the results of adhesion tests of the samples of (Zr-Ti-Nb)N coatings, and similar data obtained earlier for (Ti-Zr-Si)N and TiN coatings are also shown for comparison [13] . According to [14] , upon the abrasion of the sample during the test on adhesive strength, the most informative characteristics of the adhesive failure are critical values of load L C .
As is known, the most versatile parameter allowing one to sufficiently rapidly evaluate mechanical prop erties of the coating is its microhardness [11, 12] . The results of these measurements for (Zr-Ti-Nb)N coatings are shown in Table 4 . As can be seen, maxi mum hardness HV = 44.57 GPa is reached at the pres sure of the reaction gas P = 4 × 10 -3 Torr, and accord ing to classification [15] , such coatings can be placed in the superhard group (HV 0.05 ≥ 40 GPa). Comparison of profilograms taken from the surface of polished steel disks (substrates) and (Zr-Ti-Nb)N coatings applied on them shows that the deposition of coatings leads to an increase in the surface roughness, apparently, owing to the droplet component of the plasma flow.
An important parameter that determines the work ing efficiency of the coating is also its tribological characteristics (friction coefficient and wear factor). The friction coefficient μ determines the adhesive force of the rubbing materials, and the wear factor determines the resistance to wear (the less the wear factor, the higher the wear resistance).
The type of friction tracks and the results of tests are shown in Fig. 6 and Table 5 . The friction coeffi cient takes values from the initial (during first contact) to stationary (column "under tests" in Table 5 )-upon reaching constant values during tests.
In all samples with the coating (series A, B, C), the friction coefficient was higher than 1.0. Such high val ues can be explained by the high roughness ( Fig. 1 ) associated with the presence of the droplet fraction on the surface and in the coating formed upon vacuum arc deposition. The appearance of a solid droplet com ponent, as well as the formation of wear products upon the degradation of the coating in the form of particles consisting of hard nitrides, leads to abrasive wear of the coating. Reducing the surface roughness decreases the friction coefficient from 1.95 to 1.05. With increasing hardness of the coating, wear factor W of the coating decreases, and that of the counterbody increases (Table 5) .
With increasing pressure and the appearance of preferred orientation of growth of crystallites with the [111] axis (Fig. 2) , there is a decrease in seizure and wear of material, which correlates with the previously established increase in the hardness with increasing nitrogen pressure upon deposition of the coating.
These results can be explained by an increase in the packing density of atoms in the (111) plane of the FCC lattice [12] , which increases the hardness of the coat ing, since the intrusion of the indenter on the axis of texture in the coating [111] occurs perpendicularly to these planes. Improving the wear resistance in this case is determined by the fact that, during wear, abrasion of more solid planes (111) of the material takes place, which minimizes its destruction.
CONCLUSIONS
1. By the method of vacuum arc evaporation of a one piece cathode in a medium of reactive nitrogen gas, nanostructured coatings of the system (Ti-ZrNb)N are obtained with a pronounced columnar structure.
2. The main phase of (Zr-Ti-Nb)N composing the coating has the FCC lattice. Increasing the reac tion gas pressure leads to an increase in diffraction peaks from the family of planes {111}, which indicates an increase in the degree of preferred orientation of growth of crystallites (textures of axial type) with the [111] axis, perpendicular to the growth plane. 
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